for the Health ABC study OBJECTIVE: Obesity and shorter telomeres are commonly associated with elevated risk for age-related diseases and mortality. Whether telomere length (TL) may be associated with obesity or variations in adiposity is not well established. Therefore, we set out to test the hypothesis that TL may be a risk factor for increased adiposity using data from a large population-based cohort study. DESIGN: Levels of adiposity were assessed in six ways (obesity status, body mass index (BMI), the percentage of body fat or % body fat, leptin, visceral and subcutaneous fat mass) in 2721 elderly subjects (42% black and 58% white). Associations between TL measured in leukocytes at baseline and adiposity traits measured at baseline, and three of these traits after 7 years of follow-up were tested using regression models adjusting for important covariates. Additionally, we look at weight changes and relative changes in BMI and % body fat between baseline and follow-up. RESULTS: At baseline, TL was negatively associated with % body fat (ß ¼ À0.35±0.09, P ¼ 0.001) and subcutaneous fat (ß ¼ À2.66±1.07, P ¼ 0.01), and positively associated with leptin after adjusting for % body fat (ß ¼ 0.32±0.14, P ¼ 0.001), but not with obesity, BMI or visceral fat. Prospective analyses showed that longer TL was associated with positive percent change between baseline and 7-year follow-up for both BMI (ß ¼ 0.48±0.20, P ¼ 0.01) and % body fat (ß ¼ 0.42±0.23, P ¼ 0.05). CONCLUSION: Our study suggests that shorter TL may be a risk factor for increased adiposity. Coupling with previous reports on their reversed roles, the relationship between adiposity and TL may be complicated and may warrant more prospective studies.
INTRODUCTION
Obesity is a common risk factor for increased morbidity and mortality, including many aging-related pathologies. 1 --3 Obesity has been consistently associated with increased systemic inflammation and oxidative stress, 4 --6 which are also known to lead to shorter telomere length (TL) in cells. 7 --9 Telomeres are DNAprotein complexes that cap the ends of eukaryotic chromosomes. In humans TL varies with age, but, in general, is progressively shortened with age. 10 --12 Like obesity, TL has been associated with oxidative stress, inflammation and many age-related diseases. 13 --15 Whether TL may be associated with obesity as well as the direction of their relationship is unclear. In addition, the biological mechanism underlying these associations may be complicated and even involves feedback loops. A small number of studies have investigated the relationship between TL and obesity. Some crosssectional studies have reported significant associations between TL and obesity 16 --18 but some did not. 11, 19, 20 The only prospective study reported an increased TL in rectal mucosa of people who lost weight. 21 All of these studies considered obesity as a proxy of oxidative stress levels, being a risk factor for telomere shortening. Whereas this may be plausible, the reverse, that is, telomere erosion contributes to an increased risk of disorders related to fat metabolism is also possible but has been rarely investigated.
We hypothesize that short telomeres are a risk factor for elevated levels of adiposity. The aim of this study was to evaluate the relation between TL, obesity and its related traits in a large bi-racial cohort of elderly individuals. We tested our hypothesis by using more extensive measures of regional and global adiposity in both cross-sectional and prospective analysis. Our findings provide new insight into the complex relationship between adiposity and TL.
PATIENTS AND METHODS

Study participants
The Health, Aging, and Body Composition (Health ABC) Study is a prospective cohort study aimed at studying the relation of age-related changes in health and body composition with incident functional limitations in initially well-functioning elderly black and white individuals. At baseline, the cohort included 3075 persons aged 70 --79 years; 41.6% were black and 51.6% were female. Participants were recruited from Medicare listings in Pittsburgh, Pennsylvania and Memphis, Tennessee between April 1997 and June 1998. Eligibility criteria included: (1) reported ability to walk one quarter mile (0.4 km), climb 10 steps and perform basic activities of daily living without difficulty; (2) absence of life-threatening illness; and (3) intention to remain in the current geographic area for at least 3 years. All participants gave informed written consent and the study protocol was approved by the institutional review boards of the clinical sites and the Data Coordinating Center (University of California, San Francisco).
Phenotypic measurements
Race, sex, age and other socio-demographic variables were self-reported during the initial clinic visit. Body weight was measured with a standard balance beam scale to the nearest 0.1 kg. Height was measured barefoot using a Harpenden stadiometer (Holtain, UK) to the nearest 0.1 cm. Body mass index (BMI) was calculated as weight divided by height squared (kg m À2 ). Obesity was defined as having a BMI of X30 kg m À2 . A total-body DXA scan was performed to measure the percentage of total body fat (% body fat) using fan-beam technology (Hologic QDR4500A, Waltham, NY, USA). Abdominal computed tomography scans were performed to determine abdominal and subcutaneous fat masses at the L4 --L5 level. Fat areas were calculated by multiplying the number of pixels of a given tissue type by the pixel area using Interactive Data Language software (ITT Visualization Solutions, Boulder, CO, USA).
Visceral fat tissue was manually distinguished from subcutaneous fat tissue by tracing along the facial plane defining the internal abdominal wall and measured in cm 2 . Total circulating level of serum leptin was measured in duplicate by radioimmuno-assay (Linco Research, St Charles, MO, USA). BMI and % body fat were re-assessed after 7 years of follow-up and the obesity status was also determined. We calculated the percentage of change in these two traits between baseline and follow-up as follows: 100 Â (baseline valueÀfollow-up value)/baseline value. The weightchange status was classified into three categories: weight gain, stable weight and weight loss, if the individuals gained X3 kg, gained or lost within 3 kg, or lost X3 kg, respectively.
Average TL in leukocytes (peripheral blood mononucleocytes) was measured using a validated quantitative PCR method. 22 This method measures the relative average TLs in genomic DNA by determining the ratio of telomere repeat copy number to single copy gene copy number (T/S ratio) in experimental samples relative to a reference sample. All samples were measured in triplicate, and their mean was used. Results obtained using this method correlate well with those obtained with the traditional terminal restriction fragment length by Southern blot technique (r ¼ 0.7). 22 For this study the T/S ratio was converted to a TL in kilo basepairs (kbp) by multiplying the T/S value by the known TL of the reference DNA, 4270 bp. To obtain the TL for the reference DNA, we used the T/S ratios of 64 DNA samples from Utah Caucasians with known mean terminal restriction fragment lengths. The slope of the linear regression line through a plot of T/S ratio (x axis) vs mean terminal restriction fragment length (y axis) is the number of basepairs of telomeric DNA corresponding to a single T/S unit. As the reference DNA has a T/S of 1.0, by definition, this slope is also the average TL of the reference DNA sample, 4270 bp in our case.
Statistical analysis
The association between TL and quantitative traits was examined by fitting multiple linear regression models adjusting for age, sex, race, type-2 diabetes status, TL assay plates (modeled as a random factor) and subjects' recruitment site. In addition, we adjusted for factors commonly known to influence adiposity, including physical activity and smoking habits. Furthermore, in the analysis of abdominal subcutaneous and visceral fat mass, we further adjusted for body height and weight. In the analysis of leptin, the effect of % body fat was also adjusted. Similar modeling approaches were used for analyses of discrete traits (obesity status and weight gain/loss) in logistic regression models.
Effect modification by sex and race was evaluated by adding interaction terms to the regression models. Co-linearity of the covariates was checked and determined not to affect inclusion in the models. As race and sex were not found to be effect modifiers, no stratified analysis by these factors was performed. A nominal P-value o0.05 was considered significant. All analyses were performed using SPSS for Windows version 14 (SPSS, Chicago, IL, USA).
RESULTS
Measurements of TL at baseline were available in 2721 individuals. Information on adiposity measures was available in all 2721 subjects at baseline and in 1958 subjects after 7 years of follow-up. Tables 1a and b summarize the baseline characteristics of the study population. The mean age at recruitment was similar for men and women. On average, TL was significantly longer in women compared with men, whereas no apparent difference in TL between blacks and whites within the age range of our study population (70 --80 years old) was observed. Approximately one quarter (25.8%) and 24.2% of individuals were identified as obese at baseline and after 7 years of follow-up, respectively. The prevalence of obesity was significantly higher in blacks compared with whites. Among blacks, there were significantly more obese women than men whereas among whites, there were more obese men than women. Mean levels of % body fat, leptin and subcutaneous fat were significantly higher in women compared with men in both races. As expected in an elderly population, more people lost rather than gained weight during the 7 years of follow-up. The relative change in BMI and % body fat did not follow any pattern and no significant difference was observed, but in general women had less change in % body fat.
As race and sex were not found to be effect modifiers, no stratified analysis by these factors was performed. Using adiposity measures obtained at baseline, TL was not associated with obesity status (odds ratio (OR) ¼ 1.0, 95% confidence interval (CI) ¼ 0.9--1.1) ( Table 2 ). Longer TL was significantly associated with less % body fat (b ¼ À0.35±0.09, P ¼ 0.001), less abdominal subcutaneous fat (b ¼ À2.66±1.07, P ¼ 0.01) and higher levels of fasting leptin after adjusting for the effect of % body fat (b ¼ 0.32 ± 0.14, P ¼ 0.02). At follow-up, TL was also not significantly associated with obesity (OR ¼ 1.0, 95% CI ¼ 0.9 --1.1), BMI (b ¼ À0.06±0.09, P ¼ 0.5). The relationship between TL and % body fat became weaker, albeit remained in the same direction (b ¼ À0.14 ± 0.11, P ¼ 0.4) using % body fat measured at follow-up.
We further examined whether TL measured at baseline was associated with the change in adiposity traits between baseline and follow-up. TL was significantly associated with the percentage of Telomere length and adiposity OT Njajou et al change in BMI and % total body fat between baseline and followup. In other words, the longer the TL at baseline, the greater increase in BMI (b ¼ 0.48±0.20, P ¼ 0.01) and % body fat (b ¼ 0.42 ± 0.23, P ¼ 0.05) during the 7-year follow-up (Table 2 ). Figure 1 shows the mean TL in people who gained weight compared with people who lost weight during the follow-up period. We observed that the mean TL was significantly longer in individuals who gained weight compared with individuals who lost weight (5.01 vs 4.75 kbp; P ¼ 0.01). In other words, for individuals who lost weight during the follow-up period, their TL was shorter by an average of 260 basepairs. This observation is in concordance with results from analyses of changes in BMI and % body fat.
DISCUSSION AND CONCLUSION
In this study, we investigated the relationship between TL and adiposity using both cross-sectional and follow-up data. Our findings suggest that shorter TL may be a risk factor for increased adiposity. TL measured at baseline was significantly associated with several adiposity measures, including % body fat, subcutaneous fat and leptin, but not with obesity, BMI or visceral fat. In our prospective analyses of three available adiposity measures, the direction of their relationship with TL remained the same but the significance was weaker. Furthermore, we also found TL to be associated with positive change in BMI and % body fat after 7 years of follow-up. It might appear somewhat puzzling as to why only certain adiposity measures were associated with TL whereas some others were not. In our cohort composed of elderly individuals, quantitative traits showing stronger association with TL were also in higher correlations with each other (r ¼ 0.66 --0.80), whereas all other pair-wise correlation estimates were weaker (p0.56) except for that between BMI and subcutaneous fat (0.76). There were also varying degrees of statistical power in analyses of different traits. Although our sample size was large, we still did not have sufficient power to detect the observed effects for visceral fat and BMI (powerE0.6) whereas the power was sufficient for the other three adiposity measures. In addition, one question that comes to mind is whether BMI is a good measure of adiposity in the elderly. Some previous studies have suggested that BMI may not be as informative as a proxy for adiposity or an appropriate measure for defining obesity in older individuals. 23, 24 This may help explain the lack of association between BMI/obesity and TL.
There are a handful of previous investigations on the association between TL and obesity-related traits, all of which considered obesity being a risk factor for shorter TL. Some studies found significant associations between shorter TL and obesity or higher levels of its related quantitative measures, 16, 17, 25, 26 whereas others did not. 19, 20 Yet no study has been conducted in the elderly. Some studies only provided correlation coefficients, 16, 21, 25 which tends to be less informative compared with association testing as it does not evaluate the magnitude of the effects. Weight, BMI, leptin and waist-to-hip ratio were most commonly investigated in earlier studies. BMI was inversely associated with TL in middle-aged individuals. 16, 18, 25, 27 We also observed a weak but negative relationship between TL and BMI, and a significantly negative association with % body fat in our cohort of elderly. Using BMIX30 kg m À2 to define obesity, MacEneaney et al.
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reported no difference in TL between normal and overweight/ obese individuals. One study by Valdes et al. 16 reported a negative correlation (r ¼ À0.124, Po0.0001) between TL and leptin, whereas another smaller study did not. 27 In our analysis of leptin, when unadjusted for % body fat, we observed a similar result as that reported by Valdes et al. 16 However, we considered it informative to evaluate such a relationship independent of body fat, as leptin is produced by fat cells. As expected, we observed that shorter TL was associated with lower leptin levels after adjusting for the effect of % body fat. Leptin plays a role in appetite suppression and one would expect that higher leptin level be associated with better health, thus with longer TL. Two studies examined the effect of waist-to-hip ratio in TL and reported significantly negative association with TL. 27, 28 We used measurements from computed tomography scans to obtain more precise measures of regional adiposity and observed a significantly negative association of TL with subcutaneous fat, but not with visceral fat. Our study is novel in that we treated TL as a risk factor. It is interesting to see that whereas our study treated TL as a risk factor contrary to previous studies, we could still observe comparable findings mainly on the direction of the associations.
There are several advantages of our study. One of the main strengths is the prospective nature of our study with several repeated adiposity measures ascertained 7 years apart. This enabled us to test our hypothesis that TL may be a risk factor for increased adiposity in a prospective fashion. In addition, our study is the first large study to examine the association between TL and adiposity in a non-Caucasian sample, and our findings suggest that race does not appear to affect the association between adiposity and TL. The ages of our study subjects were notably older than previous studies, which provided evidence that the association between TL and adiposity observed in younger populations was also present in the elderly. However, as we did not have TL measured at follow-up, our study could not examine whether adiposity could be a risk factor for telomere shortening in a prospective fashion. Nevertheless, our observations suggest that TL may be considered a risk factor for adiposity. One possible limitation to the current study is that we measured TL in leukocytes as a proxy for TL in other tissues. However, it is well documented that TL in easily accessible tissues such as blood could serve as a surrogate parameter for the relative TL in other tissues. 29, 30 In summary, we found that shortening of TL was associated with adiposity. However, whether telomere shortening is a cause or consequence of increased adiposity could not be determined based on our data alone. Although it may be possible that TL shortening is a consequence of increased adiposity due to elevated levels of oxidative stress 9, 29 and other factors, our study suggests their relationship may be more complicated. The possible biological mechanism(s) for these associations deserves further investigations. A better understanding of their relationship may have implication on our effort to reduce obesity burden and to promote healthy aging.
